Exposure is reported to be the biggest determinant of disaster risk, it is continuously growing and by monitoring and understanding its variations over time it is possible to address disaster risk reduction, also at the global level. This work uses Earth observation image archives to derive information on human settlements that are used to quantify exposure to five natural hazards. This paper first summarizes the procedure used within the global human settlement layer (GHSL) project to extract global built-up area from 40 year deep Landsat image archive and the procedure to derive global population density by disaggregating population census data over built-up area. Then it combines the global built-up area and the global population density data with five global hazard maps to produce global layers of built-up area and population exposure to each single hazard for the epochs 1975, 1990, 2000, and 2015 to assess changes in exposure to each hazard over 40 years. Results show that more than 35% of the global population in 2015 was potentially exposed to earthquakes (with a return period of 475 years); one billion people are potentially exposed to floods (with a return period of 100 years). In light of the expansion of settlements over time and the changing nature of meteorological and climatological hazards, a repeated acquisition of human settlement information through remote sensing and other data sources is required to update exposure and risk maps, and to better understand disaster risk and define appropriate disaster risk reduction strategies as well as risk management practices. Regular updates and refined spatial information on human settlements are foreseen in the near future with the Copernicus Sentinel Earth observation constellation that will measure the evolving nature of exposure to hazards. These improvements will contribute to more detailed and data-driven understanding of disaster risk as advocated by the Sendai Framework for Disaster Risk Reduction.
Introduction
Exposure is reported to be the biggest determinant of disaster risk [1] and the disastrous effects of natural hazards on communities are widely broadcasted through the media but the occurrence of disasters is not always well understood, due to a lack of data. Disaster science and disaster processing research includes different techniques such as association rule learning and support vector machine [20] , combined used of GIS and automatic pattern recognition [21] , or the combination of remote sensing with statistical inferencing [22] . The scientific literature focusing on exposure mapping from VHR is very large, even with dedicated journal issues [23] , and it is introducing a promising innovation that exploits the multi-resolution mapping, particularly in seismic exposure mapping studies [24] [25] [26] at regional level, but also to support the Global Exposure Model [27] . The extraction of built-up from VHR-typically in the form of building footprints-is mostly used in case studies at the city level. These studies typically include also the vulnerability assessment [28] conducted by the identification of buildings structural characteristics, including building height. The built-up extraction techniques and procedures from VHR used in local case studies have not yet shown to be applicable to derive global consistent exposure datasets as addressed in this paper. In addition, global VHR archives are not yet available as open source data that can be used to generate global exposure layers.
This work describes the use of the Landsat satellite image archive-a consistent and open source dataset depicting the Earth surface over the last 40 years (from about 1975 to 2015)-to map built-up areas and derive population density. This work builds on previous research that derived global built-up area and population density at fine resolution for four decades dating back to 1975 [29] [30] [31] . The datasets aimed to be consistent in space and time and then allowing spatial comparison as well as the analysis of spatial growth for all settlements of the world. The methodology for producing the global human settlement layers is repeatable in space and in time. It is also suited to be used on imagery that will be collected from future missions including that of Sentinel [32] to allow updating global built up maps. The temporal depth of the datasets was deemed appropriate for the analysis of the variation of exposure to natural hazards. The change of exposure over time is key to address the issue of disaster risk management, the topic of the special issue. This work conducted within the Global Human Settlement Layer project (GHSL) also delivers population density grids, which are used in this research work for assessing global population exposure. The exposure of built-up area and population is computed using five hazard layers made available through the Global Assessment Report on Disaster Risk Reduction 2015. The data are briefly summarized in the following sections. This research is not a cross-hazard analysis as hazards are computed with different return periods. It is also not a multi-hazard exposure analysis that requires the analysis of cascading effects between hazards that are out of scope of this work. The main goals of this research are to show the absolute change of exposure for single hazards over time and provide a general assessment of the extent of built-up area and population globally exposed to five natural hazards for selected RPs.
In this paper we first summarize the production of the GHSL layers that are the basis of this research. We describe then the methodology for quantifying exposure with the GHSL data using hazard maps, and we analyze and present the global exposure of population and built-up areas to five natural hazards. Results are aggregated mostly at national level. The GHSL layers datasets are available for download at <http://ghsl.jrc.ec.europa.eu/> and part of the analysis has been graphically documented in the Atlas of the Human Planet, 2017 [33] .
Data and Methods
The data and methods used in this research work are graphically summarized in Figure 1 . At the core of this research is the mapping of global built-up areas (GHS-BUILT) from the Landsat image archives as described in Section 2.1.1. The GHS-BUILT layer is then used in combination with global population census data to derive GHS-POP, a gridded population density described briefly in Section 2.1.2. The two variables are referred to as human settlement layers.
To address the topic of this special issue the two human settlement datasets are then combined with global hazard layers described in Section 2.1.3 to estimate potential exposure to each hazard. In Figure 1 the rows represent the human settlement layers available for four epochs; the columns represent the hazards analyzed, and the intersection between built-up area and population-the global exposure layers-resulting in four exposure layers of population and four exposure layers of built-up Figure 1 . Schematic overview of all input datasets (white boxes), Global Human Settlement and hazard maps, and the resulting exposure datasets produced (shaded boxes).
Input Data
The section below summarizes the production of the global built-up and the global population layers. This section also describes the characteristics of the five global hazard layers used herein. Finally, it briefly describes the global administrative unit layer used to aggregate the exposure statistics at national and global level.
Global Built-Up Area
The global built-up area layers are produced within the Global Human Settlement Layer (GHSL) image processing framework. The GHSL framework produces new global spatial information, evidence-based analytics and knowledge describing the human presence on the planet over time, operating in an open and free data and methods access policy (open input, open method, open output). It includes models, tools, and datasets developed to process satellite imagery, including that of Landsat and to perform geo-spatial analysis [29] . Landsat historical data are available as an open source dataset from the Global Land Cover Facility (http://www.landcover.org/) [34] . The Landsat archive is well suited to extract spatially and temporally consistent information and the spectral bands maintain a consist viewing geometry with stable Instantaneous Field Of View (IFOV) referred herein as spatial resolution of imagery [35] . That stable viewing geometry and viewing precision is a fundamental image parameter for detecting and mapping small features such as building structures that form human settlements and changes of settlement spatial extent in time. Radiometric resolution has improved also over time providing a higher dynamic range that increases the ability to discriminate between landscape structures. The GHSL image processing algorithm processed 32,808 images organized in four collections that group the set of images based of four time spans referred as epochs [36] . The 1975 The , 1990 , and 2014 epochs included 7588, 7357, 8756, and 9098 images, respectively. The images for epochs 1975-2000 were obtained from the Global Land Cover (GLCF) facility [36] , while an ad-hoc Landsat 8 collection for 2013/2014 was assembled from the Earth Explorer website of the United States Geological Survey.
Big data processing requires new approaches, improving on the standard paradigm for information extraction from remote sensing [37] . This is due to the stability and calibration of the signal (standardization), the volume of data to be processed and the processing speed that is required in operational mode. In fact, until recently machine learning approaches have been mostly 
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Global Built-Up Area
The global built-up area layers are produced within the Global Human Settlement Layer (GHSL) image processing framework. The GHSL framework produces new global spatial information, evidence-based analytics and knowledge describing the human presence on the planet over time, operating in an open and free data and methods access policy (open input, open method, open output). It includes models, tools, and datasets developed to process satellite imagery, including that of Landsat and to perform geo-spatial analysis [29] . Landsat historical data are available as an open source dataset from the Global Land Cover Facility (http://www.landcover.org/) [34] . Data are available as geo-coded image products. The Landsat collection includes images obtained from different sensors with different spatial resolutions: the Multi Spectral Scanner (MSS) and the Thematic The Landsat archive is well suited to extract spatially and temporally consistent information and the spectral bands maintain a consist viewing geometry with stable Instantaneous Field Of View (IFOV) referred herein as spatial resolution of imagery [35] . That stable viewing geometry and viewing precision is a fundamental image parameter for detecting and mapping small features such as building structures that form human settlements and changes of settlement spatial extent in time. Radiometric resolution has improved also over time providing a higher dynamic range that increases the ability to discriminate between landscape structures. The GHSL image processing algorithm processed 32,808 images organized in four collections that group the set of images based of four time spans referred as epochs [36] . The 1975 The , 1990 Big data processing requires new approaches, improving on the standard paradigm for information extraction from remote sensing [37] . This is due to the stability and calibration of the signal (standardization), the volume of data to be processed and the processing speed that is required in operational mode. In fact, until recently machine learning approaches have been mostly used for processing small size datasets and a limited number of features. These methods are impractical in a global setting for at least two important reasons: the heterogeneity of the images when considering the image archive to process and the lack of representative training sets. A new strategy was attempted in this work.
The GHSL image classification uses the Symbolic Machine Learning (SML) methodology [38] . SML is based on image data quantization sequencing and association analysis. The image data sequencing aims to reduce the number of features to process. The association analysis links the set of reference data that acts as training data and the feature space used in the sequencing. The association is measured as a confidence index referred herein as Evidence-based Normalized Differential Index (ENDI) that provides a continuum of positive and negative values ranging from −1 to 1. ENDI expresses strength of association between the image data layers and the reference data. Values close to 1 indicate that the feature sequence is strongly associated with the image class of interest-the built-up in our case-while values close to −1 indicate that the feature is strongly associated with classes other than built-up. The classification is conducted for each image separately and the resulting classification maps are then combined through mosaicking.
The global multi-temporal layers reporting on built-up presence are produced and made available at the native spatial resolution of 38 m × 38 m (Figure 2 used for processing small size datasets and a limited number of features. These methods are impractical in a global setting for at least two important reasons: the heterogeneity of the images when considering the image archive to process and the lack of representative training sets. A new strategy was attempted in this work. The GHSL image classification uses the Symbolic Machine Learning (SML) methodology [38] . SML is based on image data quantization sequencing and association analysis. The image data sequencing aims to reduce the number of features to process. The association analysis links the set of reference data that acts as training data and the feature space used in the sequencing. The association is measured as a confidence index referred herein as Evidence-based Normalized Differential Index (ENDI) that provides a continuum of positive and negative values ranging from −1 to 1. ENDI expresses strength of association between the image data layers and the reference data. Values close to 1 indicate that the feature sequence is strongly associated with the image class of interest-the built-up in our case-while values close to −1 indicate that the feature is strongly associated with classes other than built-up. The classification is conducted for each image separately and the resulting classification maps are then combined through mosaicking.
The global multi-temporal layers reporting on built-up presence are produced and made available at the native spatial resolution of 38 m × 38 m ( 
Global Population Density
The global population distribution grids described in this work are produced from a combination of built-up area and population estimates available by census or administrative unit from the Gridded Population of the World (GPW) project [39] . The GPW project assembles, from a number of data providers, a global census-based population database that combines spatially explicit administrative boundaries and corresponding resident population counts for use in population disaggregation [40] . For each of the 12,000,000 census units in the GPW database, population counts were estimated for reference years matching those in the GHS-BUILT dataset (i.e., 1975-1990-2000-2015) . Producing this population database involves harmonizing disparate census in the spatial and temporal domains, namely by interpolating and extrapolating population counts from at least two available census dates for each country [41] . These estimates are then disaggregated to each cell in GHS-BUILT in proportion to the built-up density, per matching epoch, 
The global population distribution grids described in this work are produced from a combination of built-up area and population estimates available by census or administrative unit from the Gridded Population of the World (GPW) project [39] . The GPW project assembles, from a number of data providers, a global census-based population database that combines spatially explicit administrative boundaries and corresponding resident population counts for use in population disaggregation [40] . For each of the 12,000,000 census units in the GPW database, population counts were estimated for reference years matching those in the GHS-BUILT dataset (i.e., 1975-1990-2000-2015) . Producing this population database involves harmonizing disparate census in the spatial and temporal domains, namely by interpolating and extrapolating population counts from at least two available census dates for each country [41] . These estimates are then disaggregated to each cell in GHS-BUILT in proportion to the built-up density, per matching epoch, thus significantly sharpening the census data, while preserving the source counts [31] . Quality assurance was conducted to ensure validity of the approach and results [31] . The population density dataset is made available as global grids of 250 m × 250 m resolution for the four epochs (1975, 1990, 2000, and 2015) , and is currently the most detailed and consistent time series depicting contemporary population distribution and density.
Hazard Maps
The hazard data used in this work are: three global probabilistic hazard layers available as open source, and two probabilistic hazard maps produced at the Joint Research Centre ( Table 1 ). The Global Seismic Hazard map (GSHAP) is a global seismic hazard map which depicts Peak Ground Acceleration with 10% chance of exceeding in 50 years when calculated over a return period of 475 years [42] . We used this map converted into classes of the Modified Mercalli Intensity (MMI) scale based on the work [43] , and grouped in four intensity classes (http://preview.grid.unep.ch/index.php?preview= data&events=earthquakes&evcat=11&lang=eng). The resulting seismic hazard map was available as a raster at 6 arc-min spatial resolution in WGS-84 in support to the Global Assessment Report on Disaster Risk Reduction-GAR 2013 [1] . The hazard map depicts the areas exposed to moderate or more intense shaking (i.e., level 5 or higher). The tsunami hazard map-referred to as Tsunami Run-up map-refers to the low lying coastal land that may be inundated by tsunamis, and it was calculated with a return period of 500 years. It was derived by estimating the wave height and developing an inundation model based on SRTM data [44] . These data, available as a raster at 31.5 arc-sec (~1 km) spatial resolution in WGS-84, were used for the GAR 2015 report [1] . The hazard layer used in this work is a binary map depicting the extent of potentially inundated areas by tsunamis.
The hazard map used for tropical cyclones represents a rating from 1 to 5 of hurricanes expressed in the Saphir-Simpson Hurricane Wind rating Cyclones in five categories, as follows: category 1, 119-153 km/h; category 2, 154-177 km/h; category 3, 178-208 km/h; category 4, 209-251 km/h; and category 5, 252 km/h or higher. Hurricanes reaching Category 3 and higher are considered major hurricanes (potentially causing significant loss of life and damage), while category 1 and 2 storms are still dangerous and require preventive measures. This map has been derived from the dataset on Tropical Cyclonic Wind-a product of a probabilistic model calculating the gasp wind speed per observation unit over a 250 year return period. This dataset, available as a raster at 30 arc-sec (~1 km) spatial resolution in WGS-84, is accompanying the GAR 2015 [1] report. In this analysis, we have grouped Cyclone intensities 1-2, and 3-5 into two separate classes.
The probabilistic hazard map on tropical cyclone storm surge has been produced at the JRC-EC for a return period of 250 years. The baseline data is the global GAR 2015 dataset on wave height at point locations at the coast. The global elevation model, SRTM data set [44] , was used to derive a potential surge inundation map using the method described in [45] . The resulting hazard map used is a binary map depicting the extent of potentially inundated areas.
Finally, we used the flood map Global Flood Awareness System (GloFAS) with 100 years return period generated in [46] , and made available as a raster at 30 arc-sec (~1 km) spatial resolution in WGS-84. We have used the 100 years return period over other return periods as that time span is the one used to communicate flood risk to decision makers that are implementing decision risk reduction measures [47] . The hazard layer used in this work is a binary map depicting flooded areas with water at least 10 cm deep.
Methodology
This work uses geospatial analysis techniques to overlay, intersect in technical terms, the hazard maps with GHSL layers, and conduct zonal analysis to derive statistics on built-up surface and population per hazard zone. The GHSL represent exposure layers when crossed with the hazard layers ( Figure 1 ). We intersect each hazard with the four population layers referred to as GHS-P_1975-GHS-P_2015 in its four epochs, and the GHS-BUILT in its 4 epochs. The resulting exposure layers include for each hazard GHS_P_Hazard_ 1975 ,1990 ,2015 and GHS_BU_Hazard_ 1975 ,1990 ,2015 _Ts, where "Hazard" includes Earthquake (EQ), Tsunamis (TS), Cyclone Winds (CW), Sea level surge (Ss) and Floods (Fl). The zonal analysis is conducted at the resolution of 250 m × 250 m grid cells.
For the purpose of this work we aggregate the exposure statistics at the national level using Global Administrative Boundaries Model (GADM (https://gadm.org/)) available as open source datasets. However, as the information is recorded at 250 m × 250 m cells, the analysis may be conducted at local level for the area of interest. This can be administrative units, hazard impact areas, or hazard risk areas. For example, Figure 2 illustrates one heavily settled area exposed to flooding with 100-year return period.
Results
The potential exposure of built-up areas and population to each of the five hazards over time is assessed at the grid cell level. For each hazard we use only one return period because, except for floods, the hazard map was available only for one return period. For practical reasons, we present the results of our analysis by aggregating the exposure data at national and global scale also because some hazard map are coarser than the exposure map. Figure 3 shows the extent of global built-up areas and population exposed to five hazards over time. Table 2 reports the main results of this study. The analysis shows that nearly one third of the
Global Exposure Statistics
global population and built-up area are located in seismic areas that could exceed the MMI level 5. Tsunamis potentially affect an order of magnitude less built-up and people than the earthquakes that generated them. In 2015, more than 1.5 billion people were living in cyclone wind prone areas while the sea level surge caused by cyclones that affects coastal areas may have just impacted over an order of magnitude less people (160 million). Floods hazard shows the highest rate of increase of exposure across the four epochs growing from 28.6 km 2 to 80.4 km 2 of built-up areas and from 518.0 million to 1037.2 million people. The proportion of potential exposed population and built-up area has increased for all hazards over time. For example, there were 1 billion less people exposed to seismic hazard in 1975 than in 2015. The results of the analysis are presented in the following sections by grouping hazards according to the physical processes that generate them: earthquakes and tsunamis, tropical cyclones and storm surge, and floods. Earthquakes generally occur along geological faults where rupture occurs and seismic waves propagate away from rupture points with attenuated shaking intensity. The intersection with the earthquake intensity and population layers shows human population living in areas that may experience shaking intensity above the 5 Modified Mercalli Intensity (MMI) scale the intensity above which infrastructural damages may occur.
The results show that in 2015 approximately 50 million people lived in regions with seismic risk potentially exceeding magnitude 9 in MMI Scale (Figure 4) . The total number of people exposed to potentially damaging earthquakes-those exceeding 5 MMI Scale-account for 37% of the global population and live in 145 countries concentrated in Asia, Pacific Islands, Middle East Asia, Eastern Europe, and the western part of the Americas. The population potentially exposed to earthquakes doubled in the last 40 years, while the built-up surface increased by 145% during the same period, from 97,000 to 238,000 km 2 , corresponding to 31% of the global built-up surface (Figure 4) . Earthquakes generally occur along geological faults where rupture occurs and seismic waves propagate away from rupture points with attenuated shaking intensity. The intersection with the earthquake intensity and population layers shows human population living in areas that may experience shaking intensity above the 5 Modified Mercalli Intensity (MMI) scale the intensity above which infrastructural damages may occur.
The results show that in 2015 approximately 50 million people lived in regions with seismic risk potentially exceeding magnitude 9 in MMI Scale (Figure 4) . The total number of people exposed to potentially damaging earthquakes-those exceeding 5 MMI Scale-account for 37% of the global population and live in 145 countries concentrated in Asia, Pacific Islands, Middle East Asia, Eastern Europe, and the western part of the Americas. The population potentially exposed to earthquakes doubled in the last 40 years, while the built-up surface increased by 145% during the same period, from 97,000 to 238,000 km 2 , corresponding to 31% of the global built-up surface (Figure 4) . These exposure figures are essential variables that are used in the risk equation combined with building stock structural vulnerability within a given area to modulate the shaking intensity and ultimately define the risk of losses. Tsunamis are directly related to the earthquake magnitude as they propagate the seismic energy across water bodies. Tsunamis may impact areas already affected by seismic shaking and they are typically limited to the low-lying coastal zones in seismic regions. However, as tsunamis energy is propagated through waters across oceans, they can impact low elevation coastal zones in distant regions completely disconnected from the seismic event that originated the waves (e.g., the South Indian Ocean earthquake of 2004 that impacted the coast of Sri Lanka). Tsunami potentially affected areas are relatively smaller when compared to that of the earthquakes. Figure 5 shows that, in 2015, over 40 million people and 6500 km 2 of built-up are potentially affected by tsunamis. When compared to the exposure of 1975, areas and population exposed to tsunamis have increased respectively by 40% and 70%. Tsunamis show the lowest figures of exposure among those considered in this work (Figure 3) . Tsunamis are directly related to the earthquake magnitude as they propagate the seismic energy across water bodies. Tsunamis may impact areas already affected by seismic shaking and they are typically limited to the low-lying coastal zones in seismic regions. However, as tsunamis energy is propagated through waters across oceans, they can impact low elevation coastal zones in distant regions completely disconnected from the seismic event that originated the waves (e.g., the South Indian Ocean earthquake of 2004 that impacted the coast of Sri Lanka). Tsunami potentially affected areas are relatively smaller when compared to that of the earthquakes. Figure 5 shows that, in 2015, over 40 million people and 6500 km 2 of built-up are potentially affected by tsunamis. When compared to the exposure of 1975, areas and population exposed to tsunamis have increased respectively by 40% and 70%. Tsunamis show the lowest figures of exposure among those considered in this work (Figure 3 ).
South Indian Ocean earthquake of 2004 that impacted the coast of Sri Lanka). Tsunami potentially affected areas are relatively smaller when compared to that of the earthquakes. Figure 5 shows that, in 2015, over 40 million people and 6500 km 2 of built-up are potentially affected by tsunamis. When compared to the exposure of 1975, areas and population exposed to tsunamis have increased respectively by 40% and 70%. Tsunamis show the lowest figures of exposure among those considered in this work (Figure 3) . 
Exposure to Cyclone Winds and Sea Level Surge
Cyclones and sea level surge are strictly related as the increased air pressure on the ocean generates the surge. The cyclone winds reaching the category 1 and 2 (Cw_S1-2) potentially affects regions that are inhabited by one billion people; while the hazard areas of cyclone winds exceeding category 3 (Cw_S3-5) cover regions inhabited by 600 million people in 2015 ( Figure 6 ). That population exposed has doubled between 1975 and 2015. In 2015, built-up area exposed to cyclone winds was estimated at 110,000 km 2 in class Cw_S1-2, while it was 70,000 km 2 in class Cw_S3-5. 
Exposure to Floods
Flood is the hazard that affects most people globally [48] . This is due to a combination of extent of the flood prone areas in the world and the relative frequent return period associated with the hazard. Our analysis shows that in 2015 the population exposed exceeded one billion people ( Figure  8 ) and the built-up area exposed approximates 80,000 km 2 . Both built-up area and population figures have more than doubled since the 1975. 
Spatio-Temporal Trends in Exposure
The statistics generated from the datasets can be used to derive trends in exposed population. This work cannot provide a detailed insight on the trends of exposure but only an overview through a comparative analysis of the change in exposed people at national level. Although this research was 
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Spatio-Temporal Trends in Exposure
The statistics generated from the datasets can be used to derive trends in exposed population. This work cannot provide a detailed insight on the trends of exposure but only an overview through a comparative analysis of the change in exposed people at national level. Although this research was not implemented with a multi-hazard perspective, the figures helps to understand the patterns of relative change in exposed population between 1990 and 2015 to the five selected hazards. We used the 25 year span from 1990 to 2015 that we consider the most reliable and suitable data for comparison purposes. Figure 9 and Table 3 show the frequency of change in population exposure per country for each hazard between 1990 and 2015. The change is computed in classes of 25% change starting from the year 1990. The change ranges between −100% and above 200%. Figure 9 also shows the corresponding geographical distribution of change per country on a global map. Overall, exposure to earthquakes has increased in 123 out of the 145 exposed countries, and most importantly it has more than doubled in 21 countries located in Eastern, Southern, and Central Africa and in Central and West Asia. In 43 countries, the exposed population increased between 25% and 50%. The decrease of less than 25% is recorded for 21 of the 22 countries.
Exposure to tsunamis has increased in 80 of the 97 exposed countries. Most importantly, the people exposed to tsunami increased by more than 200% in over 10 countries located in Asia (i.e., Cambodia, and Bangladesh), Latin America and the Caribbean (i.e., Venezuela and Brazil), and Africa. The exposure to cyclone winds has increased in 42 out of 46 countries. People exposure to cyclone wind doubled in seven countries mostly located in Latin America and Caribbean region. Exposure to storm surge increased in 71 out of the 78 countries reported. Most of the increase occurs in classes of 0 to 100. Table 3 . Number of countries in the corresponding class of population change (%), in areas exposed to the selected hazards between 1990 and 2015. 25-0  21  10  1  6  14  0-25  28  16  12  11  28  25-50  43  13  12  15  34  50-75  21  19  6  12  27  75-100  10  5  5  13  15  100-125  8  6  3  5  12  125-150  5  4  1  7  9  150-175  2  3  1  2  4  175-200  2  2  2  0  3  >200  4 Exposure to flood has increased in 137 of the 155 countries. Flood is the natural hazard exposing the highest number of countries (155), and most frequent exposed population is in the range 25-50% accounting 34 countries across Asia (13), Africa (8), Latin America and the Caribbean (7), Oceania (3), and Europe (2) .
Overall, population exposed to the five selected natural hazards increased: up to 25% in 95 countries, between 25% and 50% in 117, and between 50% and 75% in 85, and it more than doubled in 100 countries. Considering all hazards together there has been also a decrease, mostly moderate (between 0 and −25%) in 52 countries.
The highest absolute population exposure increase (above 200%) is recorded for six counties including Venezuela and the Republic of Congo, considerable increase in exposure (more than doubled between 1990 and 2015) occurred in 28 countries across: Africa (14 counties including: Liberia, Guinea, Cameroon), Asia (12 including: Sri Lanka, Afghanistan, Myanmar), and Latin America and the Caribbean (two including, Guatemala and Belize). The highest changes in exposed population (above 200%) is recorded for six countries of which three are in the Latin America and Caribbean region (Venezuela, El Salvador, and Costa Rica).
In Figure 10 , built-up areas and population dynamics in exposed areas are compared to those in areas not exposed to the five natural hazards over the 1975-2015 time span. In general terms, pattern of increase in exposure follow national dynamics of spatial expansion and population growth, which also takes place in hazard areas. However, trends between built-up and population differ. For all hazards-except floods-the relative growth of built-up areas has been lower than in areas not exposed to the hazards, while the relative growth of population has been higher than that in non-exposed areas with the exception of Tsunamis. Population in areas exposed to earthquakes of magnitude 5 and above in MMI scale increased by more than 90% while that in not exposed areas increased by more than 70%; similarly growth occurred in areas exposed to cyclones (nearly 90% and 80% respectively), sea level surge (more than 90% and 80%, respectively) and flood (doubling and by almost 80% respectively). The cases of reduction of exposed population are frequently associated to national demographic decline, principally in Eastern Europe. 
Discussion
The results presented in the previous sections are a systematic, global, and multi-temporal analysis of exposure of people and built-up areas to five natural hazards for selected returns periods. The probabilistic hazard assessment is based on the calculation of the spatial extent of the hazard intensity for that given return period. The assessment relies on evidence from past events recordings and from hypothesis on the distribution of the events derived from available knowledge. The hazard maps are thus the results of models that can be revised in time with the accumulation of new knowledge. For hazards with long return periods, the spatial hazard maps are typically more 
The results presented in the previous sections are a systematic, global, and multi-temporal analysis of exposure of people and built-up areas to five natural hazards for selected returns periods. The probabilistic hazard assessment is based on the calculation of the spatial extent of the hazard intensity for that given return period. The assessment relies on evidence from past events recordings and from hypothesis on the distribution of the events derived from available knowledge. The hazard maps are thus the results of models that can be revised in time with the accumulation of new knowledge. For hazards with long return periods, the spatial hazard maps are typically more imprecise as historical events may have been documented with qualitative description rather than quantitative measurements. The most recent hazardous events are quantified more precisely and the measurements help to generate hazard maps with a higher degree of accuracy. The spatial extent of the hazard is thus a source of variation in the measurement of exposure.
The hazard datasets used in this research were generated with one return period per hazard as defined by the hazard community: 475 years for tsunami and earthquake; 250 years for cyclones and surge as available from the Global Assessment Report [1] . The difference in return periods relates to the nature of the processes that generate the hazard. For floods we have chosen to use the 100 year return period, among other return periods. Indicative flood maps are produced nationally to support disaster risk mitigation measures and are communicated to decision makers [47] . Risk assessment is typically conducted for multiple return periods; however, this paper focuses on the analysis of change in exposure in time for a given return period, due to the dynamics of human settlements. Further analyzes to characterize patterns of change could follow this exploratory attempt. This work is also not a multi-hazard assessment that would require an analysis of the cascading effects between related hazard (i.e., earthquakes and tsunamis) and/or the overlaps between hazard (i.e., cyclone winds and floods) and that would have required a different research design. Hazards may also change severity, intensity, duration, and thus return periods. Risk assessment would need to take this into account. However, the research aims also to show that it is possible to monitor the change in exposure in function of the changes in the characteristics of human settlements (spatial extension and demography) that ultimately are the essential variables to be used in risk analysis.
The measure of built-up area and population are "essential variables" that provide the spatial extent of the exposed physical assets and residential population that is linked to these physical constructed elements. The built-up area is a relatively crude measure of physical exposure as it defines its spatial location only. More precise physical exposure would require attribute information that includes for example the structural characteristics of the built-up area and its volume [7] . That information can then be used to attach built-up associate attributes. That investigation of global attributes of built-up is to be addressed in future analysis.
The novelty in the built-up area and population density maps in hazard prone areas produced within this research is its global coverage and the consistency of the built-up spatial extent in space and over time. That comes with using satellite remote sensing that records systematically over time. The second novelty is the production of detailed multi-temporal population grids. In fact, most people currently live and work in and around buildings. Local-level analyses would greatly benefit from differentiation into residential areas where people spend time in the night with commercial or industrial areas where people spend time during the day. However, having population disaggregated to all buildings (as in GHS-POP) may be more suitable for assessing exposure to probabilistic hazard layers whose disastrous events may occur either during night-time or day-time, or even span these two periods (e.g., in case of cyclones and floods).
Even though there are challenges, errors, and uncertainties associated with modeling the multi-temporal distribution of global population, these tend to decrease with time (i.e., towards current epochs) and are greatly mitigated in this work by adopting the country level as the most detailed scale of analysis for reporting results. While other global population grids do exist, GHS-POP currently constitutes the most detailed and consistent time series of population distribution data spanning the last 40 years, enabling assessment of changes in exposure in this period.
The quality assessment of GHS-BUILT initiated with [29] , was expanded in [49] , and now includes comparison with other information products [50, 51] . This initial comparison identifies the GHS products as ' . . . one of the most reliable global, open and free data available to estimate built-up area' [51] . The global reference data for built up that could be used for a more thorough evaluation of the quality of all global built up layers has started to be produced as a cooperation between different research centers (https://www.geo-wiki.org/branches/urban).
The Global Human Settlement Layers, GHS-BUILT and GHS-POP, are the key exposure layers for use in understanding risk as advocated by the Sendai Framework for Disaster Risk Reduction (DRR) Priority one [2] . Global exposure layers were introduced within the seismic community to assess seismic risk [52] . Exposure includes all the elements valued by society that can be harmed by hazard impact and most of societal valued assets are located within settlements. We refer to "exposure to hazard n" to indicate the geographical area where the occurrence of a hazard is likely to strike.
The assessment of exposure to a given hazard depends on the quality of the hazard information and to the nature of the hazard that may change as the processes that generate the hazard may evolve in time. Hazard maps are produced to the best knowledge available at a given moment in time. The events of the 2011 Christchurch earthquake in New Zealand that occurred in an area not mapped as seismic zone, shows that hazard maps even in high income and data rich countries may not be up to date and may not precisely delineate the extent of the hazards. The improvement of hazard maps and exposure maps is the results of models and incremental improvement in knowledge. The continuous building up of knowledge is the essential process for making more precise risks assessments, a pre-condition for implementing better disaster risk reduction measures. The discussion of exposure and increase in exposure in this paper is based on producing statistics at the national level, as crisis management strategies are defined at the national level.
The statistics generated in this paper should thus be used in the proper context. The user of these data should be aware of their limitations that are largely due to the quality of the input data and the purpose for which these data were produced. For example, global hazard datasets are the results of models that return data at coarse resolution that include a number of assumptions. For example, the conversion from seismic intensity to shaking intensity developed by [43] may need be revised to obtain an association between earthquake magnitude and epicenter and shaking over landscapes, tested over a larger number of geographical areas than that available for this research. In addition, the shaking is reported for coarse grids of 5 × 5 km cells. For operational and crisis management purposes the shaking should be refined to finer spatial units that better reflect the geological and soil properties that modulate the shaking. For coastal inundation models an improved digital elevation model may overcome the shortcomings available from the Digital Surface Model Shuttle Radar Topographic Mission (SRTM) as used for modeling the probabilistic Tsunami and Sea Level Surge hazard maps. SRTM for example includes all elevation surfaces including tree canopies and building heights, and in addition it is not extensively validated to provide error estimates that can be used at local level.
The built-up layer is the result of an image classification algorithm applied globally. That produces built-up area information that is consistent in time and space. However, for crisis management support at local level, satellite data at higher resolution should be used and the processing should be targeted to obtain optimal results for that location. In fact, the paper calls for finer scale analysis especially for the areas that need to generate operational disaster risk scenarios or to support crisis management activities.
The GHSL image processing framework is suited to combine newly generated human settlement maps produced from finer resolution imagery and to combine it with hazard maps resulting from an improved spatial resolution and improved hazard models that will be available in the future. The data can be analyzed up to city scale as is available in gridded form and thus allow to aggregate statistic for spatial unit bigger than the cell.
Conclusions
This work combines five open source global hazard maps with the global built-up and population available for the last 40 years to analyze changes in exposure over time. It does not aim to provide an ultimate figure of exposure to the different hazards, but rather to raise the attention of the extraordinary increase in built-up and population as a key driver of disaster risk.
This work is foremost a methodological and data exploration exercise as we are testing datasets derived from remote sensing data. The hazard maps are the results of research in the hazard scientific communities. The global hazard maps are the best knowledge to date and are being continuously updated with new observation and new modeling that aim to capture the changing nature of climate. Future exposure will need to incorporate the changes in these hazard maps.
The GHS built-up is the only open and free multi-temporal global exposure dataset available to date. The data are generated from remote sensing Landsat archive based on information extraction procedure on association analysis used to produce the first global multi-temporal built-up layers. New image extraction techniques and most importantly new global finer scale resolution remote sensing datasets are likely to produce improved global built-up maps and derived residential population data. These data are sufficiently detailed to be used in disaster risk assessment, early warning models, and as a system of indicators used by policy makers. This is also a call for exploiting better remote sensing and geospatial datasets for use in risk modeling. For example, (i) elevation data needs to be improved especially to identify the low elevated coastal zones subject to sea level surge, tsunamis, and the expected centennial and millennial sea level rise; (ii) global archives of fine scale satellite imagery should be used to produce very high resolution exposure data that include (ideally) also the height of the built-up area, as well as socio economic variables including gender, age, income for better assessing vulnerability as addressed within the Sendai FDRR [2] and the SDGs [53] .
This work is an initial assessment of global exposure. This research aims to contribute to understanding global risk through a single hazard analysis of exposure. Future work should address across hazard analysis with hazard computed with different return periods. Future work should also address multi-hazard exposure that explores the cascading effects between hazards that were not addressed herein. In this research, we start to get a global picture that needs to be refined in different ways. The nearly doubling of exposure over forty years may be used to assess risks and infer policy strategies. In fact, the risk may be mitigated only when measures of vulnerability reduction, hazard mitigation, and preparedness to hazard impact have been put in place. Policy makers may use these figures to frame the magnitude of the risk. Risk reduction practitioners may use the open data to quantify disaster risk at the local level from where the disaster risk reduction should begin.
Finally, exposure will likely continue to growth with the increase in population and increase of the built environment that comes with economic development. For 2050, the population is projected to grow by 1.5 billion and the built-up area is likely to increase at a rate higher to that of the past 40 years. These are figures to urgently act upon if the targets of the Sendai Framework for Disaster Risk reduction are to be achieved. Funding: This research received no external funding.
